and rabbits against experimental salmonellosis (27) . However, recent studies with immunoaffinity-purified and monoclonal antibodies (20, 25 ; R. A. Finkelstein, M. F. Burks, L. C. Rieke, R. J. McDonald, S. K. Browne, and W. S. Dallas , Advances in Research on Cholera and Related Diarrheas, in press) raise the possibility that enterotoxin type-specific antigenic determinants (epitopes) may be more significant in toxin neutralization (and in protection) than has been previously recognized. Thus, although cross-reactions among the cholera-E. coli family of enterotoxins may lead to some protection against disease, specific enterotoxin antigens may be even more effective. To this end, the present study shows that products analogous to procholeragenoid can be generated by heating purified enterotoxins, P-LT (1) and H-LT (17) , isolated from strains of E. coli that caused diarrhea in pigs and in humans, respectively. These analogous products are designated "procoligenoids." P-LT and H-LT were purified, as described (1, 17) , from whole cell lysates of fermentor-grown cultures of genetically engineered strains constructed by Walter Dallas (3), to whom we are grateful. P-LT was from E. coli K-12 strain MM294, carrying the cloned P-LT gene in plasmid EWD299, and H-LT was from strain MM294, carrying the cloned H-LT gene (from strain H74-114 [17] ) in plasmid pWD600. CT was isolated from culture supernatants of Vibrio cholerae 569 B Inaba as described previously (9) . The purified proteins, at 500 ,ug/ml in TEAN buffer (17) , were heated in 70-pd volumes in 1.5-ml plastic conical screw-cap tubes (Sarstedt) immersed in a water bath at 60°C for various times, after which samples were removed for analysis by Mancini-type radial immunodiffusion (9) with homologous antisera (2, 5, 17) , for electrophoresis in native slab gels by a modified Laemmli procedure (22) in which sodium dodecyl sulfate was omitted, and for biological activity by using Y-1 mouse adrenal tumor cells (30) . Heated 1-ml samples, 5 mg/ml, were subjected to gel filtration through a column (90 by 1.5 cm) of Sephacryl S-200 (Pharmacia) in TEAN buffer, with a flow rate of 26 ml/h. These results were compared with those obtained with unheated holotoxins and purified B-subunit oligomers (choleragenoid and the H-LT and P-LT "coligenoids" [2] ). The coligenoids used were purified as described (1, 17) for H-LT-B and P-LT-B, respectively, provided by Walter Dallas. Heating purified H-LT or P-LT results rapidly in an apparent loss of antigenicity of the proteins, as measured by precipitin ring diameters in Mancini-type assays (Fig. 1 ).
This effect, which is evident within 1 to 2 min at 60°C, is followed by a gradual increase in reactivity. These observations are similar to those previously obtained with CT (9) which were repeated in parallel ( Fig. 1 ) in the present study. The apparent immediate loss and the subsequent regeneration of antigenic activity of CT in immunodiffusion tests was attributed earlier (9) to the rapid polymerization of the protein into the high-molecular-weight aggregate called procholeragenoid and the subsequent release of choleragenoid.
To determine whether similar events occurred when H-LT and P-LT were heated, the proteins were examined by polyacrylamide gel electrophoresis under nondissociating conditions after various periods of heating. The results revealed ( Fig. 2 ) that, concurrent with the observed loss of antigenicity, the proteins aggregated so that they formed caps in the stacking gel and failed to enter the separating gel. On further heating, increasing amounts of the protein entered the separating gel and migrated to positions corresponding to the homologous oligomeric B-subunit preparations of the B-subunit proteins, an observation in accord with earlier results (9) .
Procholeragenoid has previously been shown to be markedly less toxic than the parent toxin. To determine whether similar losses in biological activity occurred on heating, the biological activity of trypsin-nicked (1) H-LT and P-LT was determined in Y-1 adrenal cells after various intervals of heating at 60'C. The results (Fig. 3) showed that the biological activities of the three enterotoxins, CT, H-LT, and P-LT were similarly reduced by heat. Whereas initially 8 to 40 pg of the three toxins were sufficient to effect a detectable rounding response of the adrenal cells, after 1 h at 60°C, 100 1OQOOÕ~~~~~X . . . . . . . Time at 60 C (min) FIG. 3 . Effect of heating at 60°C on activity of CT, H-LT, and P-LT on Y-1 adrenal cells. After being heated for the indicated times, the toxin samples were diluted so that duplicate tissue culture wells received 1.6, 8, 40 , 200, 1,000, 10,000, 100,000, or 1,000,000 pg of toxin protein. The ng of H-LT or P-LT was needed to cause rounding, a reduction in toxicity on the order of 10,000-fold. CT appeared to be somewhat more stable than H-LT and P-LT under these conditions. Intermediate periods of heating resulted in intermediate losses of biological activity. The purified B-subunit oligomers also caused some rounding of adrenal cells at doses of 100 ng and above. This activity of H-LT-B appeared to be heat sensitive (60°C for 60 min), whereas that of P-LT-B was only slightly reduced by heating.
Finally, to determine whether procoligenoids could be separated from other products (residual holotoxins and coligenoids), 5 mg of the holotoxins in 1 ml of TEAN buffer (pH 7.5) was subjected to gel filtration before and after heating. During the heating process, both H-LT and P-LT visibly flocculated, whereas CT formed an opalescent solution. On gel filtration, as had been observed previously (9) , heated CT yielded a significant protein peak, procholeragenoid, at the void volume of the column as well as a peak in the choleragenoid region of the elution profile (Fig. 4) . With both H-LT and P-LT, on the other hand, recovery of the heated protein was poor, and it was essentially all in the region of their B-subunit oligomers (Fig. 4) . Apparently the aggregated protein was trapped in the column. With H-LT, however, raising the pH of the buffer to 9.0 after heating resulted in solubilization of the protein and its recovery in the void volume of the column (Fig. 4) . Similar treatment of P-LT resulted in its solubilization, but it also caused dissociation into coligenoid and a separate peak consisting of the Asubunit (Fig. 4) . Lowering the pH to 5.8 did not result in solubilization of the heat-aggregated material, which could still be solubilized at pH 9.0.
The present study shows that, like the prototype cholera enterotoxin, the structurally, functionally, and immunologically related LTs from E. coli strains of porcine and human origin polymerize on heating to form high-molecular-weight aggregates, procoligenoids, analogous to procholeragenoid described earlier (9) . This aggregation is accompanied by loss of biological activity and, upon further heating, release from the complex of oligomeric B-subunits, coligenoids, analogous to choleragenoid described earlier (9, (11) (12) (13) . The procoligenoids, however, are more insoluble than the procholeragenoid. H-LT procoligenoid could be solubilized and recovered by raising the pH to 9.0. Similar treatment of heated P-LT resulted in its dissociation into coligenoid and A-subunit. A soluble porcine procoligenoid could not be obtained under the conditions tested, even when the time of heating at 60°C was reduced to 2 min. Nevertheless, it may be concluded that the insoluble product is still antigenically active as antigenically reactive coligenoid was released on further heating ( Fig. 1 and 2) . Lower temperatures were not tested because previous tests with choleragen (9) showed little, if any, effects of heating at 50°C for up to 1 h, and the present results indicated that treatment for at least 5 min at 60°C was required for significant reduction of toxicity (Fig.   3 ).
Although their immunogenicity has not yet been evaluated, our study raises the possibility that, like procholeragenoid, the procoligenoids may be superior antigens. Although strong cross-protection by procholeragenoid against colibacillosis has been demonstrated (15, 16) , it is conceivable that the homologous products may be even more effective or require smaller doses; this is a significant consideration. Thus, procoligenoid prepared from P-LT, although insoluble, might be more useful than procholeragenoid in swine, whereas procoligenoid prepared from H-LT could be consid- ( [23] or combinations of killed bacteria and forms of toxin antigen [24] ), an ideal formulation which is effective, lacking in side effects, and sufficiently economical to be useful has yet to be developed. It thus may be worthwhile to reconsider parenteral administration of polymeric forms of toxin antigens, perhaps in combination with bacterial antigens, for immunization against cholera and related diarrheal diseases.
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